Depolarisation-induced Ca 2+ influx into electrically excitable cells is determined by the density of voltage-gated Ca 2+ channels at the cell surface. Surface expression is modulated by physiological stimuli as well as by drugs and can be altered under pathological conditions. Extracellular epitope-tagging of channel subunits allows to quantify their surface expression and to distinguish surface channels from those in intracellular compartments. Here we report the first systematic characterisation of extracellularly epitope-tagged Ca V 2.1 channels. We identified a permissive region in the pore-loop of repeat IV within the Ca V 2.1 α 1 subunit, which allowed integration of several different tags (hemagluttinine [HA], double HA; 6-histidine tag [His], 9-His, bungarotoxin-binding site) without compromising α 1 subunit protein expression (in transfected tsA-201 cells) and function (after expression in X. laevis oocytes). Immunofluorescence studies revealed that the double-HA tagged construct (1722-HAGHA) was targeted to presynaptic sites in transfected cultured hippocampal neurons as expected for Ca V 2.1 channels. We also demonstrate that introduction of tags into this permissive position creates artificial sites for channel modulation. This was demonstrated by partial inhibition of 1722-HA channel currents with anti-HA antibodies and the concentration-dependent stimulation or partial inhibition by Ni-nitrilo triacetic acid (NTA) and novel bulkier derivatives (Ni-trisNTA, Ni-tetrakisNTA, Ni-nitro-o-phenyl-bisNTA, Ni-nitro-p-phenyl-bisNTA). Therefore our data also provide evidence for the concept that artificial modulatory sites for small ligands can be introduced into voltage-gated Ca 2+ channel for their selective modulation.
Introduction
The family of voltage-gated calcium channels (VGCCs) comprises 10 different isoforms that fulfil important functions in a wide range of physiological situations like muscle contraction, neurotransmitter release and hormone secretion. [1] [2] [3] Immunohistochemical localisation studies were an important prerequisite to reveal the expression of the different isoforms in various tissues and subcellular compartments. Artificial peptide sequences specifically recognised by antibodies (epitope tags) have been introduced into extracellularly accessible positions of α 1 subunits to biochemically quantify the channel population mediating Ca 2+ influx on the cell surface, 4, 5 to study their membrane turnover 6 and to distinguish them from intracellular channel pools. 7, 8 Based on current folding models, less than 20% of amino acids of Ca V 1 and Ca V 2 Ca 2+ channels face the extracellular space and are thus suitable for tag insertion. The vast majority of those regions comprise the pore-forming S5-S6 linkers in each homologous repeat. 1, 9 Tag insertion into these regions may disturb channel function and/or expression making experimental results obtained with such constructs difficult to interpret. Up to now, there was no report about a systematic analysis of different insertion regions to gain a fully functional tagged Ca V 2.1 voltage-gated calcium channel. Ca V 2.1 channels are the major isoform expressed in synapses, where they control fast neurotransmitter release. Monitoring the trafficking and localisation pattern of Ca V 2.1 channels may allow clearer insight into their functioning and regulation and help to clarify the pathophysiological mechanisms of neurological diseases caused by mutations in Ca V 2.1 α 1 subunits. 10 Regions permissive for tag insertion (especially within pore-forming regions) may also serve as artificial binding sites for ligands that modulate channel function, allowing channel activation or inhibition despite the absence of specific non-peptide modulators, as is the case for Ca V 2.1 channels. This concept would apply for cell culture systems as well as for mutant mouse strains, which could be used to predict potential therapeutic actions of Ca V 2.1-specific modulators. There have been attempts to generate specific ion channel blockers by engineering antibodies selectively binding to the third extracellular region (E3; the sequence stretch extending from the extracellular end of segments S5 to the selectivity filter) of an α 1 subunit channel domain. Indeed, partial block of TRPV5-and Na V 1.5 channels by this approach has been reported. 13 In this study we provide a systematic analysis of the functional effects of tagging Ca V 2.1 α 1 subunits at multiple extracellular locations and identify functionally silent positions. Thereby we also provide a proof-of-concept for the introducing artificial modulatory sites into voltage-gated calcium channels (VGCCs).
Results
Identification of a permissive region for insertion of epitope tag sequences in Ca V 2.1 α 1 . To identify regions in the α 1 subunit of Ca V 2.1 allowing introduction of extracellular tags not interfering with function and protein expression we generated a series of tagged subunits using random insertion of HA tag by a Tn5-transposon based approach as well as restriction enzyme cloning.
Tn5 transposon-mediated random cloning resulted in the insertion of a 27 amino acid peptide consisting of the HA tag (nine amino acids) flanked on either side by nine amino acid transposase recognition sites (for details see Materials and Methods). Random integration of this sequence into the coding sequence of Ca V 2.1 α 1 yielded nineteen individual positions of the HA tag (Fig. 1A , filled dots), with an apparent hot spot of integration at 5' codon 1908. This is most likely due to sequence similarity at this position to a previously reported target consensus sequence for Tn5 insertion (see inset Fig. 1A ). 14 As shown in Figure 1A four of the nineteen insertion sites were located in putatively extracellular regions of Ca V 2.1 α 1 : TP-280 and TP-336 in the pore loop of domain I, TP-685 in the pore loop of domain II, and TP-1269 in the S1-S2 linker of domain III. Immunoblot analysis of all four extracellularly tagged clones and of three internally tagged control constructs (TP-916, TP-953 and TP-1886, for location see Fig. 1A ) is shown in Figure 1B . Both TP-280 and TP-336 showed protein expression comparable to wild-type levels when tested with an antibody against the α 1 subunit of Ca V 2.1 (rabbit anti-Ca V 2.1 1141-1156 , 16 upper lane) and a strong signal with an antibody against the HA tag (lower lane). This was also observed for the three intracellularly tagged clones tested (Fig. 1B) . In contrast, expression levels of the other two extracellularly tagged α 1 subunits were much lower than wild-type (TP-1269) or even absent (TP-685).
Since protein expression similar to wild-type was a predefined criterion for our further functional characterisation, only TP-280 and TP-336 qualified for further electrophysiological analysis in Xenopus laevis oocytes. Neither of the two constructs was able to conduct measurable currents (n > 18, at least three independent cRNA injections in which efficient wild-type Ca V 2.1 currents were measured in control experiments; data not shown). Therefore none of these extracellularly tagged constructs was suitable for further characterisation.
We also identified an insertion site on a more rational basis and used conventional cloning techniques to reduce insert length. Alignment of all the α 1 subunits of the Ca V 1 and Ca V 2 family revealed that Ca V 2.1 α 1 contains an eight amino acid stretch (position 1722-1729) in the pore loop of domain IV that solely appears in this isoform ( Fig. 2A) and may indicate some structural flexibility 14 (B) Western blot analysis of seven randomly HA-tagged constructs (four of which are at putatively extracellular positions) in expression vectors pCMV 15 or pβAeGFP 7 after heterologous transfection into tsA201 cells (together with α 2 δ-1 and β 3 ). Membrane preparation and immuno-blotting was performed as described under Materials and Methods. Upper lanes stained with rabbit antibody anti-Ca V 2.1 1141-1156 ; 16 lower lanes with mouse anti-HA antibody (clone 12CA5, Roche). All subunits migrated at the expected molecular mass as indicated by an arrow. With the exception of TP-1886 which was blotted only twice, one representative experiment of at least three is shown.
together with β 3 and α 2 δ-1 in Xenopus laevis oocytes. For both the single and tandem HA-tagged α 1 subunit no statistically significant functional changes were found for the voltage of half-maximal activation (V 0.5;act ), the voltage of I Ba (V max ), the steepness of the activation curve (k 0.5;act ) (Fig. 3B, Table 1 ), I Ba inactivation during trains of short pulses (Fig. 3C , Table 1 ) and during 3-s depolarisations to V max (Fig. 3D, Table 2 ). Current densities of 1722-HA (-0.68 ± 0.34 μA, n = 16) or 1722-HAGHA (-0.78 ± 0.29 μA, n = 15) were also indistinguishable from wild-type (-0.73 ± 0.28 μA, n = 14) channels. 1722-HA channels current properties did also in this region. We therefore tested if HA tag insertion into this region yields functional Ca V 2.1 channels by exchanging amino acids 1722 to 1729 with the sequence for a single HA tag (1722-HA, Fig. 2B ). In addition, a tandem HA construct (two HA tags linked by a glycine residue) was generated (1722-HAGHA, Fig. 2B ). Like TP-280 and TP-336, 1722-HAGHA and 1722-HA were positive for HA-immunoreactivity in immunoblot analysis and expressed at protein levels comparable to wild-type (Fig. 3A) . We therefore tested if their functional properties were affected by tag insertion by co-expressing Ca V 2.1 α 1 or 1722-HA or 1722-HAGHA cRNA advantage of extracellularly tagged α 1 subunits is to distinguish the population of channels in the plasma membrane (i.e., putative current-conducting channels) from intracellular channels. In fact, HA-staining in pF fixed but unpermeabilized neurons (Fig. 4B ) resulted in a distinct staining pattern showing fine calcium channel clusters along the neuronal surface of the soma and the dendrites and in presynaptic terminals. If this staining pattern indeed results from HA-tagged surface channels, then the ultimate proof for detection of surface channels would be the detection of a similar pattern obtained by a live cell staining protocol. 7 In this protocol fixation before primary antibody application is omitted because it might already cause some permeabilization of cells. Surprisingly, no live cell staining of eGFP-1722-HAGHA by anti-HA antibodies was observed (Fig. 4C) . However, the same staining protocol reproducibly permitted staining of an extracellularly HA-tagged Ca V 1.2 channel 7 (data not shown).
To test whether this pattern of surface staining observed under mild pF fixation was the result of local membrane permeabilization, we labelled pF fixed/unpermeabilized neurons with antibodies to synapsin, an internal synaptic vesicle associated protein, and MAP2, an internal microtubule associated protein (Fig. 4E) . Interestingly, All data are shown normalised to baseline I Ba before drug application. Antisera were applied to the measured oocyte in 0.1 mg/ml BSA in bath solution. A forth experiment also showed a blocking trend but could not be quantified due to a current runup and was therefore not included in the statistical evaluation. Data are means ± SD for the indicated number of experiments. Statistical data were obtained by Student's t test and are indicated as **p < 0.01. not differ from wild-type when heterologously expressed in tsA-201 cells. No changes were found in the voltage-dependence of activation (wild-type vs. 1722-HA: V 0.5;act : -4.9 ± 0.6 mV, -6.7 ± 1.1 mV; k act : -4.5 ± 0.1 mV, -4.3 ± 0.4 mV, n = 5) and inactivation (V 0.5;inact : -46.5 ± 1.7 mV, -45.9 ± 1.1 mV; k inact : -6.2 ± 0.3, -5.4 ± 0.2, n = 9-11), in the activation and inactivation time courses (n = 9-11; not illustrated) and in current densities (110.4 ± 86.2 pA/pF, n = 13; 115.7 ± 70.8 pA/pF, n = 11).
Next we investigated the suitability of 1722-HAGHA for staining Ca V 2.1 α 1 subunits in cultured hippocampal neurons. To this end an additional N-terminal GFP tag was added to the 1722-HAGHA construct to allow a direct comparison of the GFP stain with the HA labelling pattern (eGFP-1722-HAGHA). In differentiated cultured hippocampal neurons eGFP-1722-HAGHA was expressed in the soma and dendrites as well as in presynaptic terminals (Fig. 4A ). Presynaptic labelling in axonal processes appears as clusters along the soma and dendrites of non-transfected neighbouring neurons that colocalize with the presynaptic marker synapsin ( Fig. 4A and D) . 17, 18 Experimental conditions (fixation in pF and permeabilization with 0.2% Triton X-100) allowed access of antibodies to surfaceexpressed as well as intracellular Ca V 2.1 channels. However, a major The half-maximal voltage of activation (V 0.5;act ) and the steepness of the curve at V 0.5;act (k 0. Inactivation after a 3-s depolarising pulse to V max was fit to a bi-exponential decay yielding time constants for both the fast (τ fast ) and the slow (τ slow ) component, as well as the contribution of the fast component (%τ fast ). Because of the high variability of measurements calculations did not reveal significance though obvious from graphical analysis, we calculated % inactivation after 3 predefined time points (350 ms, 1 s, 2 s) from the same data sets and analysed it statistically. Data are means ± SD for the indicated number of experiments. Statistical data were obtained by Student's t test and are indicated as a p < 0.001; b p < 0.01; c p < 0.05. Wild-type data from experiments carried out with the same batches of injected oocytes are given as controls for each construct.
synapsin staining revealed a pronounced synaptic staining pattern and staining of MAP2 resulted in a regularly spaced staining pattern of permeable and unpermeable segments, in accordance with a recent report. 19 Live cell labeling with the synapsin antibody showed no staining (Fig. 4F) indicating that the synapsin stain in the pF fixed/unpermeabilized condition is indeed caused by membrane permeabilization and not by staining of synapses along broken or disrupted axons. These control experiments provided evidence that the proposed HA surface labelling pattern results from staining of intracellular channels available to the antibody after pF-induced fixation apparently causing limited membrane permeabilization.
Consequently, while the 1722-HAGHA tag allows staining of presynaptic Ca V 2.1 in cultured hippocampal neurons, we could not use it for selective detection of surface expressed channels. Interestingly, functional experiments (see below) indicate that the absence of surface staining is not due to a lack of accessibility of the epitope for the antibody.
In conclusion, 1722-HA and 1722-HAGHA both express at protein levels comparable to wild-type, show immunoreactivity to an anti-HA antibody and have biophysical properties that are indistinguishable from wild-type. Furthermore the 1722-HAGHA provides a novel tool for the specific staining of presynaptic Ca V heterologously expressed in differentiated cultured hippocampal neurons.
Modulation of 1722-HA with anti-HA antibody. Due to our failure to exclusively detect surface channels by immunocytochemistry, we tested if antibody binding could be demonstrated in functional experiments. If such binding occurs then the position of the HA tag close to the extracellular channel mouth may allow modulation of 1722-HA currents by anti-HA antibodies. We therefore perfused oocytes while applying short pulses (100 ms) at low frequency (0.1 Hz) with 25 nM monoclonal rat anti-HA antibody (Roche, Fig. 3E ). In order to avoid unspecific binding of the antibody to the tubes and measuring chamber we pre-incubated the oocytes with 0.1 mg/ml BSA in bath solution. BSA alone was not able to induce any statistically detectable changes in I Ba of both wildtype and 1722-HA mediated currents (100.6 ± 2.5%, n = 5; 100.7 ± 3.4%, n = 5; respectively). 25 nM rat anti-HA antibody inhibited 13-amino acid α-bungarotoxin-binding site (bbs) in position 1722 (1722-bbs; Fig. 2B ) that can serve as a binding site for fluorescently labelled α-bungarotoxin. 1722-bbs expressed at wild-type levels (n = 3, not shown) and yielded robust I Ba with properties nearly indistinguishable from wild-type (<1.5 mV shift in activation parameters; Tables 1 and 2 ). Taken together our data demonstrate that position 1722 is suitable for the introduction of different epitope tags resulting in no (HA tag) or only minor changes in Ca V 2.1 channel function.
As mentioned above, the transposon-mediated HA-tagging approach introduces a 27 amino acid insert which is slightly larger than the HA (9 amino acids), HAGHA (19 amino acids) and the bbs tag (13 amino acids). We therefore tested if the smaller bbs insert would be tolerated in positions 280 (280-bbs) and 336 (336-bbs) (Fig. 2B) . Both bbs constructs expressed at wild-type levels (n = 3; data not shown). Like TP-336, 336-bbs also did not yield any detectable currents (n = 24, 3 independent cRNA injections; data not illustrated). In contrast to TP-280, the 280-bbs construct yielded robust currents which activated at about 5 mV more depolarising potentials compared to wild-type (Table 1) .
Based on the observation that extracellular 9His-tagging of Ca V 2.1 α 1 subunits in position 1722 results in functional channels with no or only minor differences in channel gating we asked the question if these tags located in a position adjacent to a pore forming region could also mediate channel modulation.
Pharmacological modulation of the His-tagged constructs by Ni-NTA and its derivatives. We first tested if the classical ligand Ni-NTA can specifically bind and modulate 1722-9His channels after expression in Xenopus oocytes. 660 μM Ni-NTA elicited a significant 71.9 ± 40.4% (n = 36, p = 0.0002) increase of I Ba through 1722-9His channels (Fig. 7A) . Two sets of control experiments were performed to demonstrate that this activation was a consequence of interaction with the 9His tag: First, NTA alone did elicit a significantly smaller increase in I Ba (26.7 ± 17.4%, n = 6, p = 0.0107 versus Ni-NTA). This weaker modulation is explained by the formation of Ba-NTA due to the Ba 2+ concentration (10 mM) in the bath solution which is well above the K D for Ba-NTA (K D for Ba 2+ : 15.1 μM, for Ni 2+ : 5.5 pM). 21 Second, neither Ni-NTA nor NTA affected wildtype channel currents (Fig. 7A) .
Next we addressed the question if bulkier Ni-NTA derivatives are also active, perhaps also as channel blockers rather than activa-1722-HA I Ba to 83.0 ± 7.7% of control (n = 3, p = 0.0036 versus 0.1 mg/ml BSA, Fig. 3E ). In control experiments 25 nM rabbit IgG neither inhibited wild-type nor 1722-HA currents (Fig. 3E) . Our data clearly demonstrate that the HA tag is accessible for the antibody under native conditions and can serve as an artificial modulatory site in a VGCC α 1 subunit.
Insertion of an oligo-histidine (His) tag at position 1722 in Ca V 2.1 α 1 . Having identified a site permissive for tag insertion that also allowed modulation of channel function we investigated if smaller ligands binding to other tags could also interfere with channel function. Oligo-His motifs are primary candidates because of their tight interaction with Ni-NTA. We therefore replaced the eight amino acids 1722-1729 in Ca V 2.1 α 1 with 6 (1722-6His) or 9 (1722-9His) histidines (Fig. 2B) . Expression of both full-length constructs at wild-type levels was confirmed by immunoblotting (Fig. 5A ). 9His tagged Ca V 2.1 α 1 (1722-9His) was chosen for further functional analysis because of the higher affinity of Ni-NTA for extended oligo-His stretches. 20 1722-9His could be expressed with current amplitudes similar to wild-type. Its biophysical properties showed small but significant differences to wild-type. In particular, the voltage-dependence of activation was significantly shifted to more depolarised potentials by about 5 mV (Fig. 5B) which was due to a significant increase in the slope factor of the activation curve ( Table 1) . Acceleration of the inactivation time course during 3-s depolarising pulses to V max was also observed (Fig. 5D ), but it was too small to significantly affect the parameters of bi-exponential current decay (Table 2 ). It was detected as a small but significant acceleration of percent current decay after three predefined time points (350 ms, 1 s, 2 s; Table 2 ). No statistically significant differences were detected for current inactivation during trains of short pulses (Fig. 5C, Table 1 ).
To test if the position of the His tag affects channel function we also generated 1727-9His and 1732-9His channels (Fig. 2B) . A construct analogous to 1732-9His but harbouring an HA tag at position 1732 was also made (1732-HA; Fig. 2B ). All these tagged α 1 subunits expressed at wild-type levels as demonstrated by immunoblotting (Fig. 6A) . Whereas all tested biophysical parameters of 1732-HA revealed wild-type properties (Fig. 6B-D , Tables 1 and  2 ), both 9His tagged constructs revealed slight (but significant) changes in gating properties very similar to 1722-9His (Fig. 6B-D , Tables 1 and 2 ). We also tested another tag of similar length, a introduction of different extracellularly accessible epitope tags with no or only minimal consequences for channel expression and function. We also demonstrate that permissive positions in the vicinity of the pore cannot only be exploited for analysing the subcellular targeting of these channels in transfected hippocampal neurons or labelling in heterologously transfected cells [22] [23] [24] but also for the introduction of artificial modulatory sites for either antibodies or small synthetic molecules. Our detailed characterisation of several insertion sites revealed position 1722 in the E3 region 13 of the pore loop 9 of domain IV as a privileged region for the introduction of a variety of different tags varying in length from 6 (6-His) to 19 amino acids (double-HA). The bbs tag was also tolerated in position 280 which is located at about the same distance (37 amino acids) upstream from the selectivity filter glutamate in domain I as is position 1722 in domain IV (Fig. 2) . The suitability of this position for insertion of different tags has to be tested in future experiments. However, our results already tors and if they could modulate channel function at lower concentrations. We therefore tested the two recently developed Ni-NTA derivatives Ni-trisNTA and Ni-tetrakisNTA 20 as well as two novel substances, Ni-nitro-o-phenyl-bisNTA (Ni-ortho-bisNTA) and Ni-nitro-p-phenyl-bisNTA (Ni-para-bisNTA) (Fig.  7A, inset) . Ni-ortho-bisNTA and Ni-para-bisNTA (Fig. 7A) have two separate Ni-NTA moieties interconnected via a phenyl ring. Ni-ortho-bisNTA was tested on all three 9His-tagged calcium channel constructs as well as on wild-type. Like Ni-NTA it significantly stimulated 1722-9His-as well as 1732-9His-mediated currents which reached significance at concentrations ≥3 μM ( Fig. 7A ; 1722-9His: 1 μM: 109.7 ± 13.1% of control, n = 6; 3 μM: 129.3 ± 10.5%, n = 5, p = 0.0034; 10 μM: 146.9 ± 26.3%, n = 13, p < 0.0001; 1732-9His: 1 μM: 99.1 ± 4.9%, n = 4; 3 μM: 115.0 ± 8.4%, n = 4, p = 0.0379; 10 μM: 132.4 ± 9.7%, n = 7, p = 0.0001). No changes could be observed for wild-type (10 μM: 101.5 ± 2.0%, n = 17) and for 1727-9His (10 μM: 99.5 ± 3.1%, n = 5). Similar to Ni-ortho-bisNTA, Ni-parabisNTA did not modulate wild-type ( Fig. 7A ; 50 μM: 101.0 ± 2.2%, n = 22; 100 μM: 101.1 ± 2.2%, n = 4) and 1727-9His ( Fig. 7A ; 50 μM: 103.0 ± 3.7%, n = 5) but it stimulated I Ba through 1732-9His in concentrations of 50 and 100 μM ( Fig. 7A; 10 μM: 115.9 ± 10.1%, n = 4; 50 μM: 125.8 ± 13.2%, n = 7, p = 0.0021; 100 μM: 169.7 ± 11.8%, n = 4, p = 0.0013; representative experiment shown in Fig. 7B ). However, in contrast to the ortho isomer, it partially inhibited 1722-9His channels ( Fig. 7A; 10 μM: 88.9 ± 5.1% of control, n = 6, p = 0.0031; 50 μM: 83.0 ± 6.6%, n = 10, p < 0.0001; 100 μM: 84.5 ± 4.3%, n = 5, p = 0.0013; representative experiment shown in Fig. 7C) . Analysis of the current-voltage relationships before and after addition of either Ni-ortho-bisNTA or Ni-para-bisNTA revealed minimal shifts of the activation curves to more negative voltages. This shift was only significant for Ni-ortho-bisNTA action on 1722-9His (V 0.5;act before addition of Ni-ortho-bisNTA: 1.5 ± 2.7 mV; V 0.5;act after addition of Ni-ortho-bisNTA: -1.8 ± 2.0 mV, n = 14, p = 0.0012), in all other cases it was below 2 mV and did not reach statistical significance (Fig. 7C, inset ii) .
Ni-tris-NTA and Ni-tetrakis-NTA, which show an even higher affinity for oligo-His sequences, 20 were also able to enhance 1722-9His mediated I Ba in the low micromolar concentration range (10 μM Ni-tris-NTA: 121.0 ± 14.3% of control, n = 5, p = 0.0304; for 10 μM Ni-tetrakis-NTA: 118.7 ± 4.5%, n = 4, p = 0.0038; Fig. 7A ).
Taken together our experiments demonstrate that activation and partial inhibition of Ca V 2.1 channels is feasible by introducing an NTA-binding site into the extracellular channel surface close to the channel pore. Modulation is both dependent on the structure of Ni-NTA-containing molecules and on the position of the 9His tag.
Discussion
Here we describe the successful identification of a position within the voltage-gated Ca 2+ channel Ca V 2.1 α 1 subunit that permits Figure 5 . Oligo-histidine-tagged Ca V 2.1 α 1 shows equal protein expression to wild-type but significant differences in functional analyses. (A) Western blot analysis of 1722-6His and 1722-9His stained with rabbit antibody anti-Ca V 2.1 1141-1156 . 16 All subunits migrated at the expected molecular mass as indicated by an arrow. One representative experiment of four is shown. (B) Wild-type Ca V 2.1 α 1 (black) and 1722-9His (grey) were injected into Xenopus oocytes and after 2-4 days I Ba was measured (10 mM Ba 2+ as charge carrier) in the indicated number of cells. IV-curves were determined by depolarising pulses to test potentials ranging from -40 to +30 mV from a holding potential of -80 mV and revealed a significant shift to more depolarised voltages (Table 1) site. A closer analysis of these tags revealed an overall negative charge for both HA and bbs and a positive charge for the 9His tag. Charge and tag size therefore do not seem to account for the observed differences.
Our single and tandem HA-tagged constructs have been successfully used by others [22] [23] [24] in immunocytochemical studies in non-permeabilized HEK293 and COS7 cells. Here we show for the first time a staining of the double HA-tagged construct in permeabilized cultured hippocampal neurons. Ca V 2.1 showed an overall expression in the soma and dendrites and was well visible in presynaptic terminals (Fig. 4A and  D) . This staining pattern is a known feature for heterologously expressed presynaptic Ca 2+ channels 7, 25 and likely represents membrane expressed channels together with channels in the biosynthetic pathway (Golgi, ER) and possible intracellular pools. HA-staining of Ca V 2.1 in unpermeabilized neurons showed a surface expression pattern while, surprisingly, live cell staining did not. Two possible explanations exist: First, in living neurons the HA epitope might not be properly accessible for stable antibody binding. Second, the density of Ca V 2.1 channels in the presynaptic membrane may be too low for reliable detection by immunocytochemistry. This is not a general limit of the method because our live cell staining protocol is sensitive enough to reliably identify clusters consisting of only a few Ca V 1.2-HA molecules in the same neuronal cultures. 7 A critical finding reported here is that the surface labelling pattern in fixed/unpermeabilized neurons is evidently the consequence of membrane permeabilization caused by the pF fixation. This was proven by the staining of the intracellular proteins synapsin and MAP2 under these experimental conditions. This is a critical observation because similar surface staining protocols have been applied to study the surface expression of Ca 2+ channels in cultured hippocampal neurons. 26 Therefore, when studying the surface expression of Ca 2+ channels and other surface transmembrane proteins, we suggest live cell staining of endogenous proteins located in the same neuronal compartment as a proper control.
Ni-tetrakisNTA-His tag interaction has recently been used to specifically and reversibly control the proteolytic activity of the 20S proteasome complex. 27 Here we demonstrate for the first time that such interaction can also be exploited to introduce artificial modulatory sites into VGCCs. Integration of engineered binding sites for known ligands could be exploited to generate channel constructs with unique pharmacological properties. This concept would allow to selectively activate or block such constructs e.g., after expression in cultured cells. Moreover, appropriate mouse strains expressing such mutant channels would allow selectively inhibiting or stimulating these channels in vivo. This could help to address the show that it may be more susceptible to tag-induced gating changes (5 mV shift of the activation curve observed for 280-bbs but not for 1722-bbs) and does not tolerate the 27 amino acid peptide resulting from transposon-mediated HA-tagging. In contrast to 280-bbs, insertion of this tag into position 336 did not yield functional channels. Although we have not performed a systematic analysis yet, our data indicate that insertion upstream the selectivity filter glutamate (E3 region) may be tolerated better than insertion between the selectivity filter and transmembrane segment S6 (Fig. 2) . This is also supported by our findings with TP-685. Functional channels with tags inserted into the E3 region were also obtained for HA-tagged Ca V 1.2 α 1 , 5 Ca V 1.3 α 1 , 8 and Ca V 3.2 α 1 , 4 although a systematic analysis of expression densities and biophysical properties in comparison to wild-type channels has not been published for these Ca 2+ channel constructs. In position 1722 the bbs tag and single (1722-HA) or double HA-tagging (1722-HAGHA) did not result in detectable changes of channel gating under our experimental conditions. This was also true for 1732-HA. In contrast, all 9His-and bbs-tagged constructs displayed slight but significant changes in the activation and inactivation parameters. From this we conclude that a single or double HA tag (9 or 19 amino acids, respectively) is more easily tolerated than 9 histidines or a 13 amino acid long bungarotoxin-binding ings, our data indicate that binding of these compounds near the ion permeation pathway can somehow facilitate permeation through the pore. Our data do not allow distinction between effects on gating (e.g., promotion of open channel states and enhanced open probability) or increased single channel conductance. We consider it unlikely that Ni-NTA and its derivatives only reversed a decreased permeability of the 9His constructs because 1722-9His was stimulated by the Ni-ortho-bisNTA but inhibited by the corresponding para derivative. The position of the 9His tag was also critical because insertion of the 9His tag 10 amino acids downstream (1732-9His) resulted in activation by both compounds. We expected that moving the 9His tag closer to the selectivity filter and, hence, closer to the question if selective modulation of a particular channel would lead to therapeutically relevant effects. Given the structural similarities of the pore regions within the cation channel family this concept may be applicable not only to VGCCs but also to other members for which selective modulators are absent. Here we provide a proof-of-concept for this approach. HA-tagged Ca V 2.1 calcium channels could be inhibited by an anti-HA antibody. This inhibition was incomplete at the highest antibody concentration available for our experiments (25 nM). His-tagged channels were also modulated by multivalent Ni-NTA compounds. Surprisingly, most compounds increased I Ba through different His constructs. Although we have not investigated the biophysical basis of this phenomenon in single channel record- 
'-GAC CAC CAC CAC CAC CAC CAC CAC CAC CAC ACT GAG CAC AAT AAC TTC CG-3' and 5'-AGT GTG GTG GTG GTG GTG GTG GTG GTG GTG GTC CTC GTC CTC CAC GTC G-3';
1732-9His_Ca V 2. All constructs were verified by sequencing (MWG-Biotech, Germany).
Transient expression of Ca V 2.1 in mammalian cells. tsA201 cells were maintained in Dulbecco's modified Eagle's medium/Coon's F-12 medium (Invitrogen) supplemented with 2 mM L-glutamine, 10% (v/v) foetal calf serum (Invitrogen), and 100 units/ml penicillin/ streptomycin at 37°C at 5% CO 2 . To check for correct transposon insertion, cells were transfected one day after plating in 96 well plates with a total amount of 0.40 μg DNA per well (0.12 μg of transposed ion conducting pathway, would favour inhibitory effects. This was not the case. Likewise, using bulkier Ni-NTA derivatives did (with the exception of 1722-HA inhibition by Ni-para-bisNTA) also not result in inhibitory effects. Previous attempts to develop inhibitory antibodies for different cation channels (including TRPC5, Na V 1.5) 13 have focused on antibodies binding to the so-called E3 region, the extracellular region between S5 and the selectivity filter ("pore"). These antibodies also caused only partial inhibition of the ion currents suggesting that their binding domain is not close enough to the cation permeation pathway to induce full obstruction of the pore. Future experiments should therefore test if 9His tags even closer to the selectivity filter can favour, if functionally tolerated, more pronounced inhibition or even complete block.
In conclusion we suggest that aside position 1722, the population of individually tagged Ca V 2.1 α 1 subunits reported in our study could also contain useful tools for future experiments, serving studies that rang from calcium channel activity in neuronal physiology and pathophysiology to tertiary structure of α 1 subunits.
Materials and Methods
Accession numbers. Human Ca V 2.1 α 1 (GenBank TM accession number FJ040507) was used for this study. For alignments between the different α 1 subunits the following accession numbers were used: Ca V 1.1: NM_000069, Ca V 1.2: AF_465484; Ca V 1.3: NM_000720; Ca V 1.4: NM_005183; Ca V 2.2: NM_000718; Ca V 2.3: NM_000721.
Synthesis of Ni-NTAs. Nickel N-nitrilotriacetic acid (Ni-NTA) was synthesised by dissolving nitrilotriacetic acid (NTA, Aldrich) in water at pH 7.0. An equimolar amount of NiCl 2 * 6H 2 O (Riedelde-Haën) was added while holding the pH constant at 7.0 with 1 M NaOH under constant stirring. The solution turned from a light green colour of the Ni 2+ into deep blue-green. Synthesis of Ni-nitroo-phenyl-bisNTA (Ni-ortho-bisNTA) and Ni-nitro-p-phenyl-bisNTA (Ni-para-bisNTA) will be published elsewhere. The purity and structural integrity of the two substances were confirmed by 1 H-and 13 C-NMR as well as mass spectrometry.
Epitope-tagging of Ca V 2.1 α 1 . For random insertion of HA-tags into Ca V 2.1 α 1 a Tn5 transposon-based approach (EZ::TN TM , Epicentre ® technologies) 28 was used. Transposon Tn5 was redesigned in our lab to encode a kanamycin resistance gene (kan r ) under the control of a bacterial promoter, an eGFP (enhanced Green Fluorescent Protein) gene under the control of the promoter of the target DNA and the HA-epitope tag (9 amino acids), flanked by the recognition sequences for the transposase (mosaic ends, MEs, 9 amino acids in translation). The sequences encoding the selection markers (kan r , eGFP expression) were removed from positive clones by restriction enzyme digest resulting in the HA-epitope flanked by the MEs (total 27 amino acids in translation).
Equimolar amounts (0.03 pmol each) of transposon and the target DNA Ca V 2.1 α 1 in the mammalian expression vector pCMV 15 were incubated following the manufacturer's recommendations. The transposition mix was electroporated into electrically competent E. coli DH5-α cells and plated on agar containing ampicillin (100 mg/l) and kanamycin (30 mg/l) to recover transposed clones harbouring both resistance genes. Clones were amplified to mini cultures and extracted DNA was transfected into mammalian cells in 96 well plates. eGFP fluorescence representing in-frame insertion was anti-HA antibody (clone 3F10, Roche). Drugs were diluted to the required end concentrations in bath solution (containing 0.1 mg/ml BSA where indicated) and were applied to the recording chamber through a gravity-driven perfusion system with a flow rate of 150 μl/ min. The voltage-dependence of activation was determined from IV curves obtained by step-depolarisations from a holding potential of -80 mV to various test potentials ranging from -40 and +30 mV. IV curves were fitted according to the following equation: I = G max (V -V rev )/[1 + exp[-(V -V 0.5;act )/k 0.5;act )] + C where V is the membrane potential, I is the peak current, V rev corresponds to the extrapolated reversal potential of I Ba , G max is the maximal conductivity of the cell, V 0.5;act is the voltage of halfmaximal activation, k 0.5;act is the slope factor of the Boltzmann term, and C represents a constant term.
Inactivation during pulse trains was determined by applying 1 Hz trains of 15 100 ms pulses to V max from a holding potential of -60 mV. Voltage-dependent inactivation during depolarisation was estimated during 3-s pulses from a holding potential of -80 mV to a test potential corresponding to the peak potential (V max ) of the IV relations of the respective cell. Percent inactivation after three different time points (i.e., 350 ms, 1 s and 2 s after peak inward current) was analysed. Short pulse protocol was performed by applying 100 ms pulses to V max with a frequency of 0.1 Hz from a holding potential of -80 mV.
Statistics. All data are given as mean ± standard deviation (SD). Statistical significance was determined by two-tailed Student's t test. Data were analysed using Clampfit (9.0 and 9.2, Axon Instruments), Origin ® 6.1 (OriginLab Corporation), Microsoft ® Office Excel 2003 (Microsoft Corporation) and GraphPad Prism ® 4.03 (GraphPad Software Inc).
